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INTRODUCTION
Colonization of new habitats is a natural process which increases the chance of species survival by extending the area of distribution and enhances speciation through founder effects and the differential survival of lineages adapted to specific habitats. The cosmopolitan distribution of many aquatic species and the rapid colonization of recently established water bodies demonstrate the importance of this natural phenomenon.
Invasion success strongly depends on the ability of the invader to adapt to critical environmental variables and to be successful in its interactions with the native species, i.e. conquering a niche through competition or exploiting a vacant niche.
Most of the invasions in freshwater ecosystems depend on the passive dispersal of propagules both by natural vectors (e.g. Jarnagin et al. 2000; Figuerola & Green 2002; Bohonak & Jenkins 2003) or through intentional or accidental transport associated with human activities (e.g. Dzialowski et al. 2000; Grigorovich et al. 2003) . The number of accidental introductions has considerably increased over the last decades (Hebert & Cristescu 2002) . The introduction and establishment of an invader cannot occur without effects on native communities and can profoundly modify ecosystem functioning (e.g. Vitousek 1986; Vitousek et al. 1996; Carlton 1996) . Therefore, predicting the outcome of invasions and determining the qualities of successful invaders has long been a problem in ecology (e.g. Elton 1958; Ehrlich 1986; Pimm 1989; Bij de Vaate et al. 2002; Mc Mahon 2002) . Abundant literature (reviewed by Bollens et al. 2002) exists on zooplankton invasions, dealing mostly with zoogeographic distribution, range extension or vectors and mechanisms of transport, while the biological and ecological characteristics of invading species are poorly studied. The ability to produce diapausing resting stages enhances species survival under critical conditions thus facilitating dispersal of aquatic organisms even over long distances and across geographic barriers. Moreover, the production and storage of egg banks can give a higher chance of invasion success (e.g. Panov et al. 2004) .
This study deals with the invasion of Lake Candia by Daphnia parvula, a small species new to Italy, which was first introduced into SW Germany from North America during the 70s (Flössner & Kraus 1976) . Ephippia were probably transported by amphibian vehicles used by U.S. Army pioneer troops involved in the manoeuvres periodically carried out in the area (Unterfranken, SW Germany). The species has spread rapidly in Europe where it has colonized meso-eutrophic water bodies including small lakes, reservoirs, permanent ponds, canals and river meanders. (Coussement et al. 1976; Frenzel 1976; Einsle 1978 Einsle , 1980 Armengol 1978; Schaber 1983; Hrbaček 1987; Herbst & Anders 1987; Petkowski 1990; Flössner 2000) . Until 2002, when it was recorded in Lake Candia (Northern Italy), the species had never been found found south of the Alps, which were traditionally considered a natural barrier to invasions. The most probable vectors for the introduction of the species to Lake Candia were waterbirds coming to the lake mainly from Germany and East Europe.
Apart from their distribution, very little ecological information about European populations is available (Flössner 2000) . The purpose of this study was to follow the seasonal cycle and dynamics of the pioneer population of D. parvula in the attempt to identify species traits that may be useful for predicting invasion success and the potential for future range expansion.
METHOD

Study site
Lake Candia is a small (1.49 km 2 ), shallow (maximum depth = 7.7 m; mean depth = 3.8 m) eutrophic water body located in the subalpine area near Turin (Piedmont, Northern Italy). Its most important water sources are internal springs, precipitation and runoff; the drainage area (9.9 km 2 ) is mainly devoted to agriculture. To improve lake recovery after sewage diversion, biomanipulation was applied in 1986 and 1987, consisting of the removal of most of the rudd (Scardinius erythrophthalmus) biomass to reduce fish predation on zooplankton (Giussani et al. 1990; Giussani & Galanti 1995) . Continuous studies on the lake started in 1985; since then, variations in the abundance, species composition and structure of the zooplankton assemblage have been monitored at monthly or fortnightly intervals.
The fish assemblage of the lake consists mostly of the Cyprinidae S. erythrophthalmus, the Centrarchidae Micropterus salmoides, the Esocidae Esox lucius, and the Ictaluridae Ictalurus melas. The dominant zooplankton species in the lake are the copepods Eudiaptomus gracilis and Thermocyclops crassus, and among cladocerans a mixed population of Daphnia hyalina, D. cucullata and the hybrids D. hyalina × cucullata and D. hyalina × galeata. Other constant species are the copepods Cyclops vicinus, C. strenuus, Mesocyclops leuckarti, and the cladocerans Bosmina longirostris, Ceriodaphnia quadrangula, Diaphanosoma brachyurum, Chydorus sphaericus and Leptodora kindtii. The planktivorous larvae of Chaoborus flavicans are generally present from June to November-December, some years attaining a relatively high density (Riccardi et al. 2002) . Daphnia parvula first appeared in September 2002.
Sampling
Since the first appearance of Daphnia parvula (September 10 th , 2002) until its disappearance in December, zooplankton samples were obtained on average at 14 day intervals by vertical tows from the bottom to the surface with an open net of 126 µm mesh size. Each sample was obtained by pooling nine replicate hauls (corresponding to 1475 liters of filtered water) collected in three stations located along the major axis of the lake according to the direction of the prevailing winds. Each sample was concentrated using a 50 µm-mesh net and the animals killed by immersion in 95% ethanol before preservation in a 5% neutralized (CaCO 3 ) formaldehyde solution. The use of alcohol prevents carapace ballooning and the loss of eggs/embryos from the brood pouch.
Zooplankton analyses
Daphnia parvula abundance was enumerated on at least 200 specimens per sample, except on September 10 th when only 82 individuals were found in the sample. The percentage of egg-bearing females relative to the total number of females was estimated from either 200 females or all the females present in a sample. The mean number of eggs per egg-bearing female was determined from at least 100 individuals. Individual lengths (from the top of the carapace to the base of the tailspine) were measured to the nearest 20 µm with a calibrated ocular micrometer at 40×. Measurements were performed on 100 females, 100 reproductive females and 30-100 males when present, except on 10 September when all the individuals were measured.
The smallest adult size class (primipara) was determined as the size class in which at least 5% of the total number of egg bearing females were observed. The minimum amount of 5% ensured that the smallest adult size class would not be set by a single precociously reproducing female (Caramujo et al. 1997) . The proportion of juveniles (JUV), adults with eggs (AD+) and adults without eggs (AD-) in each 0.1 mm size class were estimated from the size measurements.
Fecundity (F) was calculated as the average number of eggs per adult female. Egg development time, required to estimate birth rate (Paloheimo 1974) , was calculated by the equation proposed by Saunders et al. (1999) for small Daphnia species:
where D e is the temperature-dependent egg development time (days) for temperatures between 4 and 30 °C. The temperature at which egg develpment occurred was determined by taking the average temperature from 0-6 m (weighted mean on the water column) at each sampling date. The instantaneous rate of population increase (r in day -1 ) was calculated as:
where N 0 is the population density at time zero and N t is the population density at time t, in days. This equation assumes exponential growth and no immigration. The instantaneous death rate was estimated from the difference between b and r.
We calculated absolute daily mortality (M) for Daphnia parvula from the dynamics data according the equation:
An estimated Chaoborus flavicans predation rate was obtained according to Krylov (1992) by applying the 'disc' equation (Holling 1959) :
where PR is the predation rate (prey pred -1 d -1 ), N is the prey density (prey l -1 ), T h and a' are coefficients referred to as prey 'handling time' (d) and 'attack rate' (l d -1 ). The a' and T h parameters given by Krylov (1992) for small (0.77 mm size) daphnids and Daphnia parvula density for each sampling date were used in the calculation. An estimate of the daily food consumption of Chaoborus flavicans (with only Daphnia as possible prey) was obtained by multiplying the predation rate (PR) by the predator density for each sample date. We used linear regression to describe the relationship between individual body length and clutch size for each sample date and for the pooled data of the whole period. Non-parametric Spearman correlation was used to correlate Daphnia body size with temperature and to correlate clutch size and egg ratio with chlorophyll concentration.
RESULTS
The seasonal variation of the Daphnia species during 2002 is illustrated in figure 1 . Daphnia spp., represented by the D. hyalina × galeata complex and some rare D. cucullata, showed a spring peak in April, a summer decline and a maximum in late summer. Daphnia parvula appeared at the beginning of September, rapidly increased through October, attaining a maximum in early November, then sharply declined to disappear in December. The population started on September 10 th with a few (0.08 ind l -1 ) females presumably hatched from ephippia. Females of reproductive size (adult) were only 23% of the population but most of them (71%) carried parthenogenetic eggs. The subsequent development of the population can be divided into different phases. A lag phase of slow increase lasting about one month preceded a sharp increase in juvenile females (Fig. 2a) which peaked in mid-October. Production of males, which had already started on September 26 th , contributed to the phase of logarithmic growth, following the same pattern as juvenile females (Fig. 2b) . A further increase in total density (which peaked on 5 November) was accounted for by an increased number of mature females (Fig. 2c) , while juveniles gradually decreased (Fig. 2a) . Adult aging and reduction of newborn production determined the decline of the population by mid-November through December.
The maximum birth rate (Fig. 2d) preceded the steep increase in juveniles and corresponded to the lag phase of population growth. The instantaneous rate of increase (r) during this period was nearly constant with positive values lower than the potential rate of increase (b). This unrealized potential population could reflect juvenile mortality in the first phase of adaptation to the new environment. Predation by late instar larvae of Chaoborus flavicans, which increased up to 0.35 ind l -1 between mid September and mid October (Fig. 3a) , could have contributed to juvenile mortality. Indeed, estimates of the daily food consumption of Chaoborus flavicans (with only Daphnia as possible prey) largely exceeded Daphnia mortality in September-October (Fig. 3b) , suggesting that predation could have affected Daphnia parvula dynamics in this period. Subsequently, predation did not account for the increased mortality, which was driven by other factors (e.g individual ageing).
The maximum r value (0.256) was attained during the log phase of population growth driven by juvenile female and male production, while the birth rate began to decrease. The resulting negative value of the death rate could be an effect of the contribution of newborns hatched from ephippia, or could be due to a sampling artifact, i.e. too long an interval between successive samples. The parthenogenetic egg stock did not account for the increase in juveniles. Birth rates continued to decrease as the total population density increased and were maintaned at positive but very low values during the phase of population decline. Positive and increasing values of death rates resulted from the decrease of r values, which obviously became negative with the decrease in population.
Population changes were a clear result of variations in the size distribution and reproductive state of the females (Fig. 4) . Population recruitment was evidenced by the abundance of individuals smaller than 500 µm, which increased from September 26 th to October 18 th and subsequently disappeared. Accordingly, an increasing proportion of females bearing eggs was observed in September-October in the size classes above 800 µm. Later the population gradually shifted towards larger individuals, but the proportion of egg-bearing females in the mature classes decreased. Brood size increased with the mothers body length in September-October, while thereafter the number of eggs decreased and was not dependent on the size of the mother (Fig. 4) .
The average size of reproductive females as well as their size at first reproduction (SFR) appeared to be negatively affected by temperature (Spearman r = -0.964, p = 0.003; Spearman r = -0,857, p = 0.02, respectively) (Fig. 5) , while individual fecundity and egg ratio were positively correlated to chlorophyll concentration (Spearman r = 0.893, p = 0.01; Spearman r = 0.964, p = 0.003 respectively) (Fig. 6, upper panel) . Increases in the egg population ratio before mid-October were due to increases in clutch size and in the proportion of egg bearing females (Fig. 6b) which preceded the maximum juvenile production. This resulted in a reduction of the egg ratio on October 18 th , despite the fact that individual fecundity had further increased to its maximum. The peak of maximum population density reached on November 5 th marked the transition to a declining population mainly composed of larger females carrying fewer eggs (Fig. 4) . The corresponding decrease in egg ratio reflected the reduction in both clutch size and the percentage of females with parthenogenetic eggs. ) and body length (µm) for females bearing parthenogenetic eggs.
The production of males, which started at the onset of population growth, preceded ephippia formation, which increased from mid-October through November (Fig. 2c, Fig. 5b ). The sex ratio ranged from 0.1 to 0.33 males per female, with a maximum on October 18 th when males accounted for as much as 24% of the total population density. 
DISCUSSION AND CONCLUSION
According to Flössner (2000) , D. parvula is typically found in meso-eutrophic waters, including shallow lakes, reservoirs, ponds, gravel pits and river meanders. It preferentially colonizes stagnant waters, where it takes advantage of the reduced competition to establish permanent populations.
The pattern of population dynamics of Daphnia parvula in Lake Candia showed three distinct phases, each lasting about one month. In the first phase, high birth rates were compensated for by relatively high death rates, probably due to juvenile (or egg) mortality. Predation by late instar larvae of Chaoborus flavicans may have contributed to juvenile mortality. However, competition with native Daphnia species, which were abundant in this period, seems to offer a more convincing explanation for the unrealized rate of increase at this early phase of invasion. Similarly, in a study on competitive interaction between Daphnia species, Johnson & Havel (2001) found that competitive suppression of D. parvula was expressed through depression of rates of increase, not by a depression of birth rates but from increased death rates. The exponential increase of D. parvula which immediately followed the decline of the native Daphnia populations seems to reflect a release from competition, and matches the hypothesis of a competitive suppression during September.
The maximum rate of increase (r = 0.256) measured in October at a temperature of about 16 °C was close to the values reported by Pace et al. (1984) for individuals reared in lake water at 20-25 °C. However, the species can attain higher rates of increase when reared in lake water enriched with a food surplus (Pace et al. 1984) , and a value as high as 0.47 was measured in McDaniel Lake in June (Johnson & Havel 2001) . According to Pace et al. (1984) , for a species like D. parvula which has relatively high growth rates (r max ~ 0.4), age at first reproduction is the most significant factor determining r. However, in Lake Candia some other factors may have limited growth rates. Indeed, although the small size at first reproduction measured in September and October seems to indicate a rapid maturation of females, only 21% of the population was made up of parthenogenetic ovigerous females at the beginning of October. In the same period, the relatively high percentage (17%) of males and sexual females in the population contributed to the reduction of the maximum potential rate of increase that D. parvula can attain. In fact, production of males began in a relatively early phase of population increase, and was followed by a shift to sexual reproduction of an increasing number of females as population density increased to its maximum. A large proportion of ephippia (3 to 23% of the total population density) were produced during most of the life cycle (October-November), corresponding to a huge energetic investment in sexual reproduction. This reproductive pattern seems to be quite unusual in the timing and duration of sexual reproduction and the proportion of energy switched from parthenogenetic to gametogenetic reproduction.
Both offspring sex and the appearance of sexual eggs are known to be determined in response to phenological and density dependent factors. Photoperiod, temperature, food quantity and quality, accumulation of metabolic products and increased encounter rate between females, chemical cues related to the presence and activity of predators are responsible for the induction of resting egg production (e.g. Carvalho & Hughes 1983; Hebert 1987; Larsson & Hobaek 1988; Kleiven et al. 1992; Slusarczyck 1995; Pijanowksa & Stolpe 1996) . Seasonal cues seem to have been more important than density dependent cues for the induction of D. parvula sexual reproduction in Lake Candia. In fact, both male and ephippia production began when population density was low and food was abundant enough to maintain relatively high individual fecundity. When the first ephippial females appeared at the beginning of October, the mean brood size of parthenogenethic females was 5.46 ± 1.8, a value close to the maximum (5.21 eggs/reproductive female) measured for D. parvula in Lake Oglethorpe (Orcutt & Porter 1984) , and intermediate compared to values measured in animals reared in lake water with and without food enrichment (Pace et al. 1984) . According to Pace et al. (1984) the parthenogenetic population of Lake Oglethorpe is composed of different clones characterized by different life history traits which make them successful under different seasonal conditions. Resting egg formation occurring in spring and fall corresponds roughly to transitions in life history types. Conversely, in Lake Candia ephippia production lasted for two months, with a maximum corresponding to the population decline and disappearance before winter.
Very little information on European populations is available, and mostly describes morphological characteristics (e.g. Flössner & Kraus 1976; Schrimpf & Steinberg 1982; Schaber 1983; Petkowski 1990) . Most of the studies in Europe deal with populations occurring in temporary ponds, pools, gravel pits and reservoirs, i.e. environments which are subject to periodical or occasional disturbance. Under these conditions the pattern of population density is likely to be driven by environmental disturbance, such as flooding or drying (e.g. Schrimpf & Steinberg 1982) , and it is reasonable to suppose that life history traits, including male and ephippia production, also reflect environmental bottlenecks. Although the study by Flössner & Kraus (1976) on the first European populations established in Bavarian pools and gravel pits does not provide quantitative data and is not based on regular sampling, the presence of parthenogenetic females is documented from May to December, while males and sexual females occurred in October-November. From a three year study on a small lake in the Tyrol, Schaber (1983) observed that parthenogenetic females regularly appeared in June and increased until August, when males and ephippia were produced. The population which has been established in Lake Unterfranken for more than 15 years shows a maximum development in June-July and August-October, and declines in December after ephippia production (Flössner 2000) .
All alien species can be expected, at least at the beginning of their naturalization, to show quite different life cycle patterns and population dynamics from those of populations in their native environments (e.g. Williamson & Fitter 1996; Yan et al. 2001) . Krylov & Panov (1998) found that changes in the reproductive strategy of an invader population may result from different environmental cues received in the novel environment and could have adaptive value. While environmental differences as well as interaction with native species could explain variations in the seasonal cycle, some effect of genetic drift cannot be excluded. Narrower clone patterns existing in the alien population may explain differences in the timing and degree of resting egg production and hatching (e.g. Vanni 1987; De Meester & De Jagher 1993; Pfrender & Deng 1998; Alekseev & Lampert 2001) . It might also be the case that if population persistence over different seasons results from the succession or substitution of temporally specialized life history types, founder effects may result in the colonization of only some seasonal niches. However, this is only speculation.
Native Daphnia species typically persist in Lake Candia throughout the year with spring and autumn population maxima. After the introduction of E. gracilis in 1989, a trend towards a temporal shift of maximum Daphnia development consistent with the possiblity of niche segregation was observed. The introduction of D. parvula, which became common during a period of overlap with native Daphnia and E. gracilis, provides the potential for competition, which could modify the Daphnia-Eudiaptomus competitive equilibrium. The dominant role of Daphnia and Eudiaptomus from September to June means that any alteration of their cycles could have a major impact on the zooplankton assemblage. However, the small size of D. parvula, which lacks any kind of helmet or pointed crest, suggests that this species may be subject to preferential predation by Chaoborus flavicans, which could influence the outcome of competition with the native Daphnia.
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